Objectives/Hypothesis: To study the prevalence and usefulness of audiometric notches in the diagnosis of noiseinduced hearing loss (NIHL).
INTRODUCTION
Noise is a known cause of hearing loss, 1 but noise in the workplace is probably a less-common cause of hearing loss than in the past, particularly in the Western world. [2] [3] [4] [5] Reduced exposure to noise and better protective measures are likely responsible. Still, occupational noise-induced hearing loss (NIHL) is one of the most reported occupational diseases internationally. 5, 6 Hearing loss, however, is primarily associated with increasing age. 7 The median binaural hearing thresholds for the 3-to 6-kHz range for men increases from about 5 dB hearing level (HL) for a 30-year-old to about 33 dB HL for a 60-year-old according to International Organization for Standardization (ISO) 1999: 2013, Table B1 . 7 Corresponding figures for women are 4 dB HL and 20 dB HL. Also, hearing loss varies greatly for individuals of the same age. In 60-year-old men, the range of hearing varies from 13 dB HL (10th percentile) to 61 dB HL (90th percentile). This individual variation is smaller in women than in men. Genetic factors may explain a large part of the variation, 8, 9 perhaps as much as 40%. 10 For comparison, the expected hearing loss after exposure at 85 dBA unprotected through 40 years is 5 dB HL, and at 90 dBA is 12 dB HL for the 3 to 6 kHz range. 7 This means that the noise-related hearing loss one would expect to find among most noise-exposed workers in today's workplaces is modest compared to the effects of age-related hearing loss. It may therefore be difficult to distinguish between a noise-related and age-related hearing loss, particularly in older subjects. 11 There are different guidelines for the definition of occupational hearing loss. Some definitions place emphasis on hearing loss in the 0.5 to 4 kHz area, because hearing loss in this frequency area is of greatest clinical significance in terms of spoken communication, whereas other definitions focus on the hearing loss in the 3 to 6 kHz range, because this range is the most susceptible to loud noise exposure. This makes it difficult to compare results across different studies. 11 Audiometric notches have been used to distinguish between noise-induced and age-related hearing loss. 5, 12 In the clinic, a notch is usually considered a strong indicator of NIHL. However, experts disagree on what is a real notch, 13, 14 and a number of different notch definitions have been proposed. [15] [16] [17] [18] [19] In recent years, studies have shown that audiometric notches occur commonly in workers without loud occupational noise exposure. 14, 20 In a recent study of railway employees, audiometric notches were almost as common in workers without any occupational noise exposure (50%) as in occupationally noise exposed (60%); hence, the usefulness of notches to distinguish between occupationally mediated noiseinduced and age-induced hearing loss may be limited. 21 The aim of this study is to examine the characteristics and associations of audiometric notches in relation to occupational noise exposure and other potentially mediating factors in another large Norwegian population.
MATERIALS AND METHODS

Study Population
The Nord-Trøndelag Hearing Loss Study (NTHLS) was conducted in Norway from 1996 to 1998 and was part of the Nord-Trøndelag Health Study (HUNT 2), a large, general health-screening study for the entire adult population of NordTrøndelag County. In the NTHLS, 17 of the 24 municipalities in the county participated in the hearing examination, consisting of pure-tone audiometry and the completion of two questionnaires (Hearing Q1 and Q2). The subjects ranged in age from 20 to 101 years (median 5 48.0 years, mean 5 50.2, standard deviation 5 17.0). The participation rate was 67% except in one municipality where the population was invited to the hearing examination only after the main HUNT 2 was finished (participation rate 41%). Audiometric data were collected from 50,464 participants. Among these, 49,774 subjects had data available on the Hearing Q1, which is the sample used in this study. More detailed information about the study is found elsewhere. 4 
Study Variables
Hearing loss. Air-conduction hearing threshold levels were obtained using pure-tone audiometry at eight frequencies from 0.25 to 8 kHz in accordance with ISO 8253-1 (1989) as described in an earlier publication in the NTHLS. 22 We defined two pure-tone binaural threshold average summary measures: pure-tone average (PTA): PTA 0.5-4 at 0.5, 1, 2, and 4 kHz, and PTA 3-6 at 3, 4, and 6 kHz.
Audiometric notches. We used four different notch definitions.
Hoffman et al. defined a notch as present when "any threshold at 3, 4, or 6 kHz exceeds by 15 dB HL the average threshold in the low/middle frequencies, 0.5 and 1 kHz, and the threshold at 8 kHz is at least 5 dB HL better (lower) than the maximum threshold at 3, 4, or 6 kHz." 16 The Hoffman algorithm required a notch to be present on the audiograms of both ears in order for a person to be classified as having a notch, 20 but in this study we used both unilateral and bilateral definitions of Hoffman's notch, because all the other notch definitions were based on unilateral and bilateral notches.
The Coles notch was defined as a high-frequency notch when the hearing threshold level at 3 and/or 4 and/or 6 kHz is at least 10 dB HL greater than the thresholds at 1 or 2 kHz and at 6 or 8 kHz. 20 The 4-kHz notch was defined as hearing thresholds at 2 and 8 kHz that are both at least 10 dB HL lower than (better than) the threshold at 4 kHz. 18 The Wilson audiometric notch was defined as thresholds at 2 and 8 kHz that are both at least 10 dB HL lower than (better than) the threshold at the notch frequency of interest (3, 4, or 6 kHz). 19 Exposures. Occupational noise exposure was assessed by several questionnaire items. One of them was assumed to tap loud noise at work in general ("Are you exposed to loud noises at work, or have you been exposed at work earlier in life for periods as long 3 months?" scored from Never 5 0 to >15 hours per week 5 3.). Ten items specified different types of noisy working places, such as "mechanical/workshop industry" and "building/construction," each scored "no" 5 0 or "yes" 5 1. Nine other items, specifying various sources of occupational noise such as "staple gun, hammering" and "machine room," were also scored 0 or 1. A single occupational noise indicator was generated as an unweighted sum of the general occupational noise item, the noisy working place items, and the items pertaining to sources of occupational noise. The unweighted sum has been shown to explain the variance of hearing loss almost as well as an optimally weighted sum of the same noise items. 23 The occupational noise sum score, with a range from 0 to 22, was categorized as 0: no reported occupational noise, 1 to 4: some occupational noise, and >4: high occupational noise exposure.
Exposure to music was assessed by three questionnaire items: "playing in a brass band or other type of band" and "been to discotheques" was scored "no" 5 0, "perhaps or don't know" 5 1, or "yes" 5 2. Going to rock concerts or other places with loud music more frequently than once a month both were scored the same way. Using a Walkman or other type of "pocket disco" with ear phones was scored as "never/rarely" 5 0, "1 to 2 hours per week" 5 1, "3 to 6 hours per week" 5 2, and "more than 6 hours per week" 5 3. The three items were summed into a single music sum score that was further categorized as no exposure to music (original sum score 5 0), some exposure to music (sum score 1-2), and high exposure to music (sum score >2). Exposure to impulse noise (e.g., explosions, shooting) and recurrent ear infections since childhood were scored using "no" 5 0, "perhaps or don't know" 5 1, or "yes" 5 2. The items on the questionnaire are described in detail elsewhere. 4 Missing values at single items were treated as absence of exposure.
Statistics
The data analysis was performed with SPSS IBM Statistics version 22 (IBM, Armonk, NY). Groups were compared using the v 2 test for categorical variables and analysis of variance for continuous variables. Sex and age adjustments were performed in SPSS using the UNIANOVA procedure. Logistic regression was used for the multivariable analysis of categorical variables. compared to women. There was a dose-response relationship between the reported occupational noise exposure and hearing thresholds in men. The age-adjusted differences in average hearing thresholds between those who reported no noise exposure and those who reported high noise exposure were 7.4 dB HL for the binaural mean of 3, 4, and 6 kHz, and 4.2 dB HL for the binaural mean of 0.5, 1, 2, and 4 kHz. The corresponding differences in hearing thresholds in women were 1.9 dB and 1.3 dB, respectively. Table II shows the prevalence of unilateral and bilateral notches. The prevalence of notches in the 3 to 6 kHz range (Wilson, Hoffmann, and Coles) varied from 50% to 60% in men without an occupational noise exposure to 60% to 70% in the most exposed men. The differences were statistically significant only for bilateral notches. For 4 kHz notches the prevalence varied from 25% in occupationally nonexposed to 35% in the most highly exposed men, and the differences were statistically significant for both bilateral and unilateral notches. The prevalence of notches was lower for women than for men, especially for 4 kHz notches, and the differences between occupational noise exposed and nonexposed were smaller and less clear than in men.
Women with some noise exposure had a higher prevalence of bilateral Wilson, Coles, the 4 kHz notch, and unilateral Coles and the 4 kHz notch than the nonexposed. For women who reported a high noise exposure, the prevalence of notches were similar to the prevalence of the nonexposed except for the unilateral Coles notch, which was significantly lower in the highly exposed ones.
The prevalence of bilateral notches appears to increase up until the age of approximately 50 years in men and then to decrease. In women, the prevalence of bilateral Wilson and Coles notches are highest among the young and then decrease gradually, especially after 50 years of age (Table III) .
Because age, gender, and noise exposure seem to be associated with the prevalence of notches, we analyzed the odds of notches for both unilateral and bilateral notches for men and women separately (Tables (IV-VII) ), unadjusted and adjusted for covariates such as impulse noise, exposure to music, recurrent ear infection and age. Unilateral audiometric notches had a weak association with noise exposure in men (Table IV) but not in women (Table V) . There was a significant doseresponse relationship for bilateral notches in men (Table  VI) but not in women (Table VII) . In general the associations between impulse noise (both recreational and occupational exposures) and notches were similar to those for occupational noise exposure and notches. Exposure to music was not related to the prevalence of notches, and histories of recurrent ear infections resulted in a slightly reduced odds ratios of notches in men and women.
DISCUSSION
In this study we found that audiometric notches occur commonly in the Nord-Trøndelag County population, both in occupationally noise-exposed and nonexposed residents. Occupational noise exposure was associated with an increased prevalence of bilateral notches but only for unilateral 4 kHz notches in men. For women the association between notches and occupational exposure to noise was less clear. One explanation may be that women reported noise exposure much less than men, and the hearing loss associated with exposure to occupational noise was smaller than in men.
The associations between bilateral notches and occupational noise exposure are consistent, with NIHL being typically bilateral, and that a unilateral hearing loss is inconsistent with an occupationally mediated NIHL. 5, 12 A history of recreational exposure to loud music, such as playing in a band or going to rock concerts, was not associated with notched audiograms. This is in line with other studies showing no link between music and hearing loss. 22, 24 The prevalence of notches in this study was quite similar to those among railway workers, where an association between occupational noise exposure and the occurrence of notches was found. 21 The prevalence of the 4 kHz notches in our study was similar to that of military veterans described by Wilson 18 and Wilson and McArdle. 19 However, the prevalence of the Wilson notch was slightly higher in our study. Both studies revealed that unilateral notches are more common than bilateral ones. Wilson et al. did not have any occupational noise exposure data available in their study, but they described their subjects' hearing as fairly normal as compared with a US reference population. 25 This study has several strengths and weaknesses. One of the major strengths is that it is derived from a large population-based study where the hearing data were collected in a uniform manner (same sound-treated booths, headphones, and audiometric equipment) according to a standard protocol. The study also collected information about recurrent ear infections, impulse noise, and exposure to loud music, which has made it possible to adjust for these factors in the analysis. The impact of these adjustments was, however, limited. One weakness is that information on noise exposure was obtained using a questionnaire at the time of the exam without a more thorough noise exposure history that could have involved objective measurements of noisy environments. This leaves open a risk for random misclassification, which may have biased the results in favor of the null hypothesis, but we believe that such a possible bias is at worst moderate. A possible systematic misclassification, where people who know they have a hearing loss tend to over-report noise exposure, also cannot be ruled out.
Such an effect will inflate the observed effects of noise and counteract the effect of random misclassification. Also, the standard clinical TDH 39 headphones were used for audiometry, which may have given rise to a 15 to 16 dB HL error in the threshold registration at 6 kHz, 15 although such an effect is by no means certain. Furthermore, in this cross-sectional study, we cannot exclude a certain amount of respondents' self-selection bias for attendance at the examination, but we do not believe that this possibility has provided systematic errors of importance, because most HUNT participants attended the study for reasons unrelated to the hearing exam.
Our aim was to study four well-established types of notches. However, we cannot safely conclude that our results are fully valid for all possible definitions of notches. For instance, deeper or otherwise more strictly defined notches might prove to be somewhat more strongly associated with noise exposure.
The age-adjusted difference in hearing threshold among the occupationally most highly noise-exposed in this study is moderate, between 7 and 8 dB HL in the 3 to 6 kHz range for men and only 1 to 2 dB HL for women, compared to the hearing loss of those who reported no noise exposure. The finding of a moderate effect of noise on hearing loss generally in this population seems to correspond with the small differences in prevalence of notches between the occupationally noise-exposed and the nonexposed adults, in particular for women. It is important to note that other possibilities have not been ruled out, including individual differences to susceptibility to hearing loss from noise exposure and the failure to account for many other sources of noise exposure across the lifespan of the study participants.
It is comforting to learn that the moderate differences found in hearing loss between the occupationally noise exposed and nonexposed is the situation in today's working life in Norway and probably also in many other countries in the Western world. The underlying reason is probably due to increased awareness of the damage that can result from very loud noise exposure and, hence, implementation of better hearing protection measures. Hearing losses due to noise in the workplace today are smaller than in the past. In our railway study we found a mean hearing loss of 3 to 4 dB in the 3 to 6 kHz range compared with the controls, 26 as compared to 7 to 8 dB HL in the present study.
Audiometric notches occur commonly both in the occupationally noise exposed and nonexposed in today's workplaces, even among the youngest men and women below 25 years of age. This makes it difficult to validly diagnose NIHL. Still, however, notches are emphasized in guidelines for the diagnosis of NIHL, 5, 12 and by some regarded as evidence of NIHL. 27, 28 Others have pointed out that audiometric notches should not be regarded as sufficient evidence for NIHL. 15, 20, 21, 29 This study shows that bilateral notches are associated with occupational noise exposure, with a stronger association in men than in women (Table II) . Unilateral 4-kHz notches were also associated with a high noise exposure. For unilateral notches in the 3 to 6 kHz range, there was hardly any or only a weak association between noise exposure and audiometric notches. Because there is no gold standard for what is NIHL, it is not possible to calculate the sensitivity and specificity for NIHL for the various notches in this material, only for being exposed to noise, which is different from NIHL. Therefore, it is not possible on the basis of this study to determine the type of notch criteria that are superior for the diagnosis of NIHL. With a high prevalence rate of NIHL, or where the aim is to prevent or to detect an injury early, a notch with high sensitivity may be preferable. With a low prevalence rate of NIHL, a high specificity may become more important.
Diagnosing NIHL should primarily be based on a measured hearing loss in series of audiograms in combination with a comprehensive noise-exposure history.
Only together with such information, a finding of bilateral audiometric notches, such as the Wilson, Hoffman, Coles, or the 4 kHz notch, or a unilateral 4 kHz notch, is indicative of NIHL.
